Abstract-This paper presents a model predictive current control applied to a proposed single-phase five-level active rectifier (FLAR). This current control strategy uses the discrete-time nature of the active rectifier to define its state in each sampling interval. Although the switching frequency is not constant, this current control strategy allows to follow the reference with low total harmonic distortion (THD F ). The implementation of the active rectifier that was used to obtain the experimental results is described in detail along the paper, presenting the circuit topology, the principle of operation, the power theory, and the current control strategy. The experimental results confirm the robustness and good performance (with low current THD F and controlled output voltage) of the proposed single-phase FLAR operating with model predictive current control.
INTRODUCTION
The active rectifiers have many advantages when compared with the traditional solutions based on diode rectifiers, multi-pulse rectifiers, and hybrid passive rectifiers [1] . Sinusoidal input current with controlled power factor and controlled output voltage are the main advantages [1] [2] [3] . The best known converter that meets with these requirements is the power-factor-correction (PFC), i.e., a converter that is composed by diode-bridge rectifier followed by a dc-dc boost-type converter. The main PFC converters based in dc-dc converters, buck, boost, buck-boost, and forward are reviewed in [4] . More specifically, in [2] are reviewed some PFC converters only based in the dc-dc boost converter. Besides these converters, in the literature can also be found PFC converters based in the Cuk converter and in the three-state switching cell [5] [6] . A set of PFC bridgeless converters that allow to reduce the switching and conduction losses, when compared with the conventional PFC, is proposed in [7] . In this context, in [8] is presented a review about bridgeless or dual-boost converters, i.e., the PFC symmetrical and asymmetrical bridgeless converters [9] [10] . Another relevant PFC converter that can be found in the literature is the interleaved converter. This converter combines two or more conventional PFC converters [3] . Other relevant group of PFC converters are the multi-level converters. In references [11] and [12] exhaustive reviews about this type of converter are presented. The main advantage of these converters is the possibility to reduce the volume and size of the passive filters. In counterpart, these converters require more resources of hardware and software. Globally, the fundamentals about active rectifiers are summarized in [13] [14] [15] .
In this paper is proposed a single-phase five-level active rectifier (FLAR). Taking into account that this active rectifier is classified as multi-level, it allows to reduce the voltage stress in the semiconductors, and the volume and size of the passive filters [16] . Fig. 1 shows the circuit topology of the proposed FLAR. This converter is composed by four IGBTs and four diodes, by a split dc-link voltage, and by an inductive filter to couple the FLAR to the power grid. This converter is based in the PFC asymmetrical bridgeless (one leg of IGBTs and other of diodes), however, it is uses a bidirectional cell between the active leg (IGBTs) and the middle point of the dc-link.
The classical current control strategies for active rectifiers are based in predictive strategies, hysteresis-band, linear-control, sliding mode, and so on [17] [18] . In the scope of this paper, it is used the model predictive current control with finite control set to define the state of the active rectifier in each sampling interval [19] [20] . Model predictive control has been successful applied to power electronics converters, e.g., dc-dc, H-bridges, and matrix [21] [22] [23] . For such purpose, it is used the discrete-time model of the converter and a cost function. In this paper, during each sampling period, a function cost is used to minimize the error between the measured current and its reference [23] . In section II is presented the circuit topology and the principle of operation of the proposed active rectifier, while in section III is described the model predictive current control. In section IV are presented the experimental validation for a rated power of 450 W, and in section V the main conclusions are presented.
II. PRINCIPLE OF OPERATION
This item presents the principle of operation of the proposed single-phase FLAR. As presented in Fig. 2 , there are six operation stages that defining the state of the active rectifier (three for each semi cycle). These six states and the correspondent voltage v cv (voltage produced by the FLAR) are presented in the Table I. During the positive semi cycle the active rectifier can produce three distinct voltage levels: 0, +V CC /2 and +V CC . When the voltage varies between 0 and +V CC /2: (a) The inductor L stores energy from the power grid and the current circulates through the diode d1 and the IGBT g1 (cf. Fig. 2(a) ); (b) The inductor L delivers energy to the dc-link capacitor C1 and the current circulates through the diodes d1 and d3, and the IGBT g3 (cf. Fig. 2(b) ). When the voltage varies between +V CC /2 and +V CC : (a) The inductor L stores energy from the power grid and the current circulates through the diodes d1 and d3, and the IGBT g3 (cf. Fig. 2(b) ); (b) The inductor L delivers energy to the dc-link capacitors C1 and C2 through the diode d1 and the reverse diode of the IGBT g2 (cf. Fig. 2(c) ). Fig. 3 shows in detail the grid current (i g ) and the gate pulses of the IGBTs g1, g2, g3 and g4. More specifically, in Fig. 3 
III. MODEL PREDICTIVE CURRENT CONTROL
The control of the FLAR is structured in three main steps: (a) The power theory for obtaining the grid current reference; (b) The predictive model based in the circuit equations; (c) The cost function for minimizing the error between the grid current and its reference. In order to the proposed converter operates as an active rectifier, the grid current must be directly proportional to the power grid voltage. Therefore, the grid current reference should be in accordance with:
where G denotes a conductance seen from the power grid. Taking into account that the proposed converter operates with unitary power factor, the active power in the ac side is defined by: (2) where, V G and I G denotes the rms values of the power grid voltage and current, respectively. Therefore, the conductance G is defined by: 
The power P G can be divided between the power to maintain the dc-link regulated (P C ) and the dc power in the load (P DC ). Therefore, (3) can be rewritten by: (4) where, P C is obtained from a PI controller. Substituting (4) in (1), the instantaneous reference for the grid current is defined by:
Using this reference of current, if the power grid voltage has harmonic content, then the grid current will also have. In order to avoid this drawback, it is used a phase-locked loop algorithm. From Fig. 1 , analyzing the voltages and currents between the power grid and the active rectifier it can be established that: (6) where, v L denotes the voltage across the input L filter and v cv the voltage produced by the active rectifier. Substituting the voltage across the input L filter by the time derivative of its current multiplied by its inductance, it can be established:
Using the forward Euler method, (7) can be rewritten in terms of discrete samples according to: (8) Taking into account that the grid current is the variable that must be controlled during the next sampling period, (8) can be rewritten by:
The final stage of the control is to minimize the error between the predicted current (i g [k+1] ) and the reference of current (i g *[k+1]). As presented in [19] , the reference of current in the instant During each sampling period, the cost function for minimizing the error is defined by:
The error is zero when the cost function defined in (11) is zero. In each sampling period is selected a state of the FLAR to minimize the error. As aforementioned, there are three states for the positive semi cycle and also three states for the negative semi cycle. Fig. 5 shows an example of the state selection during the positive semi cycle. As it can be seen, between the three possible states, the slightest error ( i g2 ) is obtained when is selected the state defined by {0,0,1} (i.e., when the IGBT g3 is on). Fig. 6 shows the experimental setup used during the experimental validation of the FLAR. The model predictive control is implemented in the DSP TMS320F28335 from Table II . Fig. 7 shows the dc-link voltage, i.e., the voltage in each capacitor. As it can be seen, there are three stages until the dc-link voltage reach the maximum value of 170 V. In a first stage, initially the dc-link voltage is zero and when the active rectifier is connected to the power grid the dc-link voltage increases until it reaches about 160 V. In this process, an auxiliary pre-charge circuit is used. In a second stage, the dc-link voltage is slowly regulated to the maximum value of 170 V. In a third stage, the load is connected to the active rectifier and, as it can be seen, the dc-link voltage in each capacitor remains controlled. Fig. 8 shows in detail the grid current, the power grid voltage (v g ), and the voltage produced by the FLAR (v cv ) for a power of 450 W. In this case, the minimum current ripple is 0.47 A and the maximum switching frequency is 10 kHz. It is also important to refer that the grid current (i g ) is in phase with the power grid voltage (v g ), i.e., the proposed active rectifier operates with unitary power factor. Fig. 9 shows the spectral analysis and THD F (2.8%) of the grid current (i g ). Fig. 10 shows the power grid voltage (v g ), the grid current (i g ), the voltage produced by the converter (v cv ), and the dc-link voltage (V DC1 and V DC2 ). Fig. 10(a) shows that the grid current is sinusoidal even when the power grid voltage has harmonic content (THD F % of 2.7%). It is also possible to observe that the power grid voltage (v g ) and the grid current (i g ) are in phase. Fig. 10(b) shows the output voltage produced by the FLAR. In this figure, it is possible to observe the five distinct voltages, i.e., +V CC , +V CC /2, 0, -V CC /2, and -V CC . Fig. 10(c) shows the dc-link voltage, i.e., the voltage in each capacitor. As it can be seen, the voltage in each capacitor is controlled for 85 V in order to obtain a dc-link voltage of 170 V. Fig. 11 shows in detail the voltage produced by the converter (v cv ), the grid current (i g ), and the digital values of the grid current (i g ) in comparison with its reference (i g *). The grid current changes during each sampling period, however, the Using the model predictive current control applied to the FLAR, the switching frequency is not fixed. Moreover, during a power grid cycle, the total number of switching is not equal for all the IGBTs. In order to verify this situation it was implemented a digital algorithm to count each switching of each IGBT. Fig. 13 shows the voltage produced by the converter (v g ), the grid current (i g ), and the number of switching of each IGBT (g1, g2, g3, and g4). These experimental results were obtained with a digital-to-analogue converter. Fig. 13(a) shows the voltage produced by the active rectifier (v cv ). Fig. 13(b) shows the grid current (i g ). Fig. 13(c) shows the number of commutations of the IGBT g1. The registered number of commutations was 40 when v g >0. Fig. 13(d) shows the number of commutations of the IGBT g2. In this case, the registered number of commutations was 40 when v g <0. Fig. 13(e) shows the number of commutations of the IGBT g3. This IGBT is only used when v g >0 and the registered number of commutations was 100. Fig. 13(f) shows the number of commutations of the IGBT g4. This IGBT is only used when v g <0 and the registered number of commutations was also 100. These values of commutation, are due to the inductance value and the switching sampling, e.g., increasing the inductance value will increase the number of commutations. This paper proposes a single-phase five-level active rectifier (FLAR) operating with model predictive current control. Along the paper is described in detail the implementation and the principle of operation of the FLAR, as well as the power theory for obtaining the grid current reference, the predictive model based in the circuit equations, and the cost function for minimizing the error between the grid current and its reference. The experimental results show that the control algorithm is suitable to regulate the dc-link voltages, to obtain the five-level voltages, and to track the reference of the current. The model predictive current control allows to follow the reference with low total harmonic distortion (THD F ). With the active rectifier connected to a power grid voltage of 115 V and for an operating power of 450 W, the measured current THD F was 2.8%. Globally, the experimental results confirm that the proposed FLAR, operating with model predictive current control, is suitable for obtaining a low current THD F and controlled output voltage. 
IV. EXPERIMENTAL VALIDATION

